A novel process is demonstrated whereby dense arrays of single-walled carbon nanotubes (SWNT) are grown directly at the interface of a carbon material or carbon fiber. This growth process combines the concepts of SWNT tip growth and alumina-supported SWNT base growth to yield what we refer to as "odako" growth. In odako growth, an alumina fl ake detaches from the carbon surface and supports catalytic growth of dense SWNT arrays at the tip, leaving a direct interface between the carbon surface and the dense SWNT arrays. In addition to being a new and novel form of SWNT array growth, this technique provides a route toward future development of many important applications for dense aligned SWNT arrays.
Introduction
The discovery that carbon nanotubes (CNT), and singlewalled carbon nanotubes (SWNT) in particular, can be grown in dense, aligned arrays [1 3] has inspired a continuous flow of innovative discoveries with great potential to substantially impact important future applications. Among these applications are supercapacitors [4] , field emitters [1] , transparent and aligned conductive films [5] , adhesive tapes [6] , membrane filters [7] , and loudspeaker devices [8] , among others. The use of these so-called super-growth processes to rapidly produce ultra-long, aligned SWNTs is continuing to inspire new, important applications. Nonetheless, the drawback of the growth process for direct integration of as-grown, aligned SWNT materials into many applications is the requirement of a thin oxide layer between the catalyst and the growth substrate to support the catalyst formation and activity. Although simple and effi cient techniques have been developed to transfer aligned SWNTs to host surfaces [5] , the most attractive situation involves a growth process where the catalytic activity takes place directly at the interface of a desired material, such as a carbon or conducting surface. Despite the exciting mechanical and electrical properties of SWNTs combined with the as-aligned, ultra-long SWNT materials grown in the water-assisted super-growth process, the sensitivity of the growth process to the alumina catalyst support severely limits the potential applications of these materials. Nano Res (2009) 2: 526 534
As a result, there has been a substantial interest in the growth of CNTs without the presence of an oxide support, and directly on the surface of interest. Of all materials, carbon materials are the most exciting since the strong, lightweight nature of carbon fi bers, in particular, make them a primary component of multifunctional composite materials well-equipped for use in the aerospace industry. Due to this, there has been an extensive effort to grow multi-walled nanotubes (MWNT) and nano-fibrillar carbon structures on carbon materials [9 14] , with only a few recent studies, however, reporting high density MWNT growth. An alumina layer [9] or an SiO 2 [10] layer between the carbon surface and nanotubes is a necessary component to achieve reasonable growth. Direct growth on carbon surfaces [11 14] results in sparse nanotubes grown with low yields in concert with a surface potentially damaged by the catalyst layer. A growth process which results in high density SWNT growth that preserves an SWNT / carbon fi ber interface is demonstrated for the first time in the work presented in this study.
In this work we present first results depicting a form of growth that combines aspects of tip, or "kite" growth [15] , and the typical base growth achieved in the water-assisted super-growth technique by growing dense, aligned SWNTs from the tips of fibrils supporting thin, flexible oxide flakes. The result is what we call "odako" growth, where odako is a Japanese word which literally means "giant kite"
1 . This name was chosen since dense SWNT structures are grown from a fl ake of alumina (broken from a continuous, deposited layer) which lifts away from the growth substrate supporting many thousand catalyst particles on its underside growing SWNTs. The SWNTs remain attached to the growth substrate, tethering down the fl ake. The result of this growth process is a material where SWNTs reside at the interface of the growth substrate, while the oxide layer and catalyst remain constantly exposed to the reaction gas flow at the top. Here, we detail the aspects of this novel growth technique, and emphasize applications and processes which may be achieved based upon this process for aligned SWNT growth.
Experimental
In order to achieve the growth reported in this study, we utilize low-pressure (1.4 Torr) water-assisted growth conditions with atomic hydrogen catalyst activation, as described in detail elsewhere [16 18 ]. This involves exposure to atomic hydrogen, produced via a tungsten hot filament, for 30 s in the presence of H 2 prior to growth following rapid sample insertion into a pre-heated furnace. In order to grow dense SWNT arrays, a fl ow of 400 standard cubic centimeters per minute (sccm) H 2 , 2 sccm H 2 O, and 2 sccm C 2 H 2 were utilized at a temperature of 750 °C, as this provides the optimal conditions for SWNT growth in this process. In some cases, an elevated pressure (25 Torr) was utilized to increase the C 2 H 2 partial pressure and the total decomposition rate on the catalyst (and hence, growth rate). This yields faster growth of the SWNT arrays at the expense of the formation of some double and few-walled carbon nanotubes amidst the SWNT population [18] . Nonetheless, the utilization of a low-pressure CVD system is geared toward a slower growth process than the well-known atmospheric super-growth, as the active carbon source is only abundant with partial pressures of a few mTorr. This results in a typical SWNT array growth of ~ 100 microns at 1.4 Torr instead of thicker arrays grown at higher pressures. The typical process by which odako growth takes place is illustrated in Fig. 1 . In order to achieve odako growth, an ultra-thin catalyst layer (Fe) 1 nm thick was deposited directly onto a carbon surface via e-beam. Two types of carbon surfaces, grafoil and carbon fibers, were utilized for this study. Directly following the deposition of the catalyst layer, an overlayer of alumina (Al 2 O 3 ) 5 nm thick was deposited onto the catalyst. Our recent studies focusing on imaging the morphology of thin catalyst Nano Res (2009) 2: 526 534 films emphasize that catalyst deposition results in the formation of Fe islands due to the balance of the catalyst-surface interfacial interaction relative to the intra-particle atomic interactions [19] . This means that the deposition of the alumina overlayer results in the formation of a continuous film of alumina that not only interacts with the deposited catalyst islands, but also with the carbon surface. Upon rapid insertion into the hot furnace in the presence of atomic hydrogen, the alumina layer will crack into small fl akes a feature inherent to a brittle e-beamed amorphous alumina layer and carbon growth will be catalyzed from the exposed edges. Lift-off of the alumina flake will occur due to the volatility of the alumina carbon interface (C O bond) in the presence of hydrogen, which will hydrogenate the C species and detach the Al 2 O 3 fl ake. Since detachment occurs in the presence of carbon, SWNT nucleation occurs while the catalyst particle is at the interface of the carbon surface, leaving the first carbon precipitates "molded" by the carbon surface and likely allowing some sp 3 carbon bond formation between SWNTs and the carbon surface. This appears to tether down the dense SWNT array while the fl ake supporting the catalyst is constantly exposed to the incoming C 2 H 2 feedstock. This process is illustrated schematically in Fig. 1 , and will be depicted experimentally in images presented in the next section.
Results and discussion
A high magnification scanning electron microscope (SEM) image, shown in Fig. 2 , demonstrates the concept of odako growth of dense SWNT arrays on a grafoil surface. As demonstrated in Fig. 1 , odako growth involves the detachment of 5 nm thick fl akes of alumina which support the catalyst islands responsible for the growth of the dense SWNT arrays. This is evident in Fig. 2 , as both the alumina flake and the catalyst particles on the underside (inset) of the flake are visible. The thin nature of the flake in Fig. 2 results in a level of transparency that allows for the imaging of the catalyst layer on the underside. This is not surprising since we recently reported fl akes of 40 nm thickness that were also transparent in SEM images [17] . The inset image in Fig. 2 (scale bar=50 nm) demonstrates a higher magnification view of the catalyst layer, which emphasizes the growth of oxide catalyst particles having a size distribution consistent with previous transmission electron microscope (TEM) imaging experiments [19] . It should be noted that X-ray photoelectron spectroscopy (XPS) characterization of a homogenous layer of odako fibrils grown from a grafoil surface indicated the clear presence of Fe and Al 2 O 3 residing at the tips of the fibrils following growth (see Electronic Supplementary Material (ESM)). Since the penetration depth of electrons ejected by incoming X-rays is not likely to be deeper than 10 nm into the surface, the presence of a substantial amount of catalyst (especially in the surface geometry Nano Res (2009) 2: 526 534 demonstrated by the SEM image shown in the ESM) is further proof that the Fe is adhering to the alumina fl ake during lift-off and is responsible for the growth of the SWNT arrays. This is not surprising, since the growth of dense SWNT arrays via the classical base growth mechanism is inherently dependent on the presence of an alumina surface to support the catalyst layer. Therefore, our ability to grow long, dense arrays of SWNTs is a principal indication that the catalyst is supported by the alumina fl akes positioned at the tips of the fibrils. As will be discussed at a later point, control experiments where 1 nm of Fe is deposited onto a carbon fiber surface resulted in no measurable carbon nanotube growth, further supporting our model for odako growth. In addition, it is also interesting to note that the appearance of the flake in Fig. 2 emphasizes its flexible nature, allowing it to fold over and appear as a "cap" on the growing SWNT array. This is a feature inherent to such a thin oxide layer, and opens up interesting possibilities for nanoscale manipulation of catalyst layers.
Further SEM images, p r e s e n t e d i n F i g . 3 , illustrate the concept of odako growth on a grafoil surface both with growth carried out at low pressure (1.4 Torr) for 15 min (Figs. 3(a) and  3(b) ), and at elevated pressures (25 Torr) for 30 min (Figs. 3(c) and  3(d) ). In general, we note that the odako growth process takes place with the same efficiency as typical super-growth, resulting in uniform and dense array growth over the complete surface. The primary difference between the two is the formation of alumina fl akes supporting the catalyst, resulting in the growth of individual, compact fi brils of SWNTs instead of a bulk array. From the SEM images depicting odako growth at elevated pressures (Figs. 3(c) and 3(d) ), it is evident that odako growth occurs uniformly over the whole surface. Higher magnification images of these fi brils (Fig. 3(d) ) indicate growth via the same mechanism as presented in Fig. 1 , with an evident layer of alumina capping the exposed ends of the SWNT array. In all images obtained of this growth process, it is evident that, regardless of the length or size of the fibril, it always appears anchored to the carbon surface. Despite our efforts, it should be noted that the level of adhesion between the fibrils and the carbon surface is diffi cult to test in any welldefi ned way. Utilizing an adhesive to contact a thick layer of fi brils (as shown in Fig. 3(c) ), where there is no carbon surface exposed to the adhesive, we find that removal of the adhesive also detaches layers of graphite from the grafoil, leaving the grafoil SWNT interface intact. In addition, in tests where the surface was wetted with a solvent (ethanol) and allowed to dry, capillary force-induced drying of the SWNTs appeared to leave the interface between the fi bril and the carbon surface intact, despite the densifi cation of the fibrils and mechanical stresses in the layer due to interfibril interactions. Therefore, we emphasize that the fibrils qualitatively appear well attached to the carbon surface, which could be a result of a nucleation phase occurring at the interface of the carbon surface allowing the cap formation typical in nucleation to result in a carbon precipitate that involves C C bonds to the carbon growth substrate. However, this is speculative and is a focus of ongoing work utilizing composite materials made from odako growth on carbon surfaces for mechanical testing studies.
In order to investigate the nanotubes that are being grown by this technique, Raman spectroscopy (Fig. 4) and TEM (Fig. 5) were carried out. From the Raman spectroscopy data, a relatively low intensity of the D band with respect to that of the G band that is typically evident during SWNT growth is also evident in Fig.  4(a) . The G / D ratio for 514 nm excitation is ~7, for 633 nm excitation is ~10.8, and for 785 nm excitation is ~3.5. The higher intensity D-band at lower excitation energy is likely due to the presence of some amorphous carbon. In addition, the broad range of diameter-dependent radial breathing modes (RBM) at all three excitation energies (Fig. 4(b) ) emphasizes a broad diameter distribution of SWNTs. Comparison of the three single laser-line spectra in Fig. 4(b) to a resonant Raman map of similar super-growth material constructed by Doorn et al. [20] indicates similar features. In particular, the lowest energy excitations indicate the presence of a family of E 11 metallic SWNT transitions (~150 cm 1 ), and a broad range of E 11 and E 22 semiconducting SWNT transitions (60 130 cm 1 ) that emphasize the presence of SWNTs having diameters greater than 3 nm. Also present are a family of small diameter SWNTs (d<1.5 nm) evident from RBMs at frequencies higher than 190 cm 1 . Furthermore, excitation at 633 nm (1.96 eV) further emphasizes the presence of some very small diameter SWNTs (<0.9 nm) and also the signature of metallic and semiconducting SWNTs from families present in the lower energy excitation spectra. TEM imaging also confirms this general picture, as shown in Fig. 5 . In order to prepare the TEM sample, the SWNTs were bath sonicated in ethanol for 15 min, and drop dried onto a TEM grid. The presence of many SWNTs is visible through close inspection of a representative TEM image shown in Fig. 5(a) . Analysis of this image confi rms the presence of a slight majority of fairly large diameter (2 4 nm) SWNTs, with some smaller (1 2 nm) and even larger (4 6 nm) SWNTs as well. It should be noted that the smaller diameter SWNTs consistently appear highly bundled in TEM images, resulting in diffi culty in identifying them properly amidst their larger diameter counterparts that remain unbundled. To better clarify their presence, arrows are placed next to spots where cross-sectional views of small diameter SWNTs in bundles are located. In addition, it should be noted that higher resolution images also emphasize the presence of a few nanotubes with 2 3 walls, even though this is typically only found to occur with nanotubes having diameters greater than ~5.5 6 nm in diameter. The general SWNT diameter distribution observed by TEM is consistent with previous reports utilizing this growth technique [18 21 ]; a distribution of SWNT diameters from sampling of multiple TEM images is shown in Fig. 5(b) . It should be noted that this is only a crude estimate, since effects such as small diameter SWNT bundling can signifi cantly alter the measured diameter distribution. Nonetheless, the diameter distribution appears to fi t a Lorentzian curve having a peak center located at ~3.1 nm. This is consistent with other reports utilizing the alumina supported, water-assisted growth technique and further emphasizes the similarity between the SWNT material obtained in this process and that in the classic base-growth process. In addition to growth on grafoil surfaces, we also demonstrate the concept of odako growth on carbon fi ber surfaces. Since carbon fi bers are principal components of lightweight composite materials utilized extensively in aerospace applications, carbon fi bers represent a an interesting prototype material for demonstration of the odako growth process. Shown in Fig. 6 is a series of SEM images depicting the same growth process as that previously discussed on the surface of individual carbon fibers. In this case, the catalyst layer and oxide support were deposited directly onto a weave of carbon fiber mesh material (see ESM). As a result, the top layer of fi bers exposed to the e-beam source are coated with catalyst and oxide, with some fibers in the inner portion of the material (and under the weaved portions) uncoated. The images presented in Fig. 6 correspond to those in Fig. 3 , with products of low pressure growth being shown in Figs. 6(a) and 6(b), and products of growth at elevated pressures being shown in Figs. 6(c) and 6(d) . From the images in Fig. 6 (a) and 6(b), it is evident that the odako growth process occurs in the same fashion as discussed previously when carbon fibers are utilized as the growth substrate. The uncoated part shown on the left side in Fig. 6(a) represents a region where the weave of carbon fi ber mesh on the coated material results in a portion of the fi bers being covered during deposition, and hence left uncoated by catalyst. Nonetheless, it is again evident that the odako growth process occurs uniformly over the carbon fiber surface. The higher magnification SEM image in Fig. 6(b) emphasizes the presence of alumina fl akes at the end of the SWNT fi brils, which retain a cylindrical morphology mimicking the geometry of the carbon fi ber surface. It should be noted that with the line-of-sight technique for catalyst deposition employed here (e-beam), only one side of the fiber can be coated with catalyst and oxide. Nonetheless, advances in the ability to coat three-dimensional surfaces with metal, such as in atomic layer deposition (ALD) or by dip-coating processes, provide a route where this growth technique can be utilized for the complete coverage of a three-dimensional surface of an object such as a carbon fi ber.
Further SEM images shown in Figs. 6(c) and 6(d) emphasize the more effi cient growth of longer fi brils at elevated pressures from carbon fiber surfaces. For many applications, such as adhesion layers in composite materials, a long fibril may not be necessary to achieve good microscopic load transfer between fi bers and the polymer matrix. Nonetheless, as we demonstrate here, longer fi brils can be achieved through the water-assisted growth process carried out at elevated pressures. The SEM image shown in Fig. 6 (d) also emphasizes the lack of residual alumina on the carbon fiber itself, since this would clearly appear as bright spots on the surface of the carbon fi ber if it remained. This result was invariably found during imaging odako growth, as all the deposited alumina appears to be present at the tips of the growing fibrils and absent at the interface with the carbon fiber surface. Higher magnification imaging of the carbon fi ber surface also does not indicate any significant presence of residual Fe, whereas Fe is observed on the underside of the fl ake (Fig. 2) .
In addition, we demonstrate the ability to perform odako growth on a full strand of the carbon fiber mesh material, as shown in Fig. 7 . On the righthand side of the image is a strand of the carbon fi ber weave, taken from the mesh material on which catalyst was deposited (see ESM), prior to growth. On the left-hand side of the image is a similar strand of carbon fi ber material, following growth at 750 °C at elevated pressures. The notably black regions on Nano Res (2009) 2: 526 534 the strand on which growth took place correspond to areas where odako growth, similar to that shown in Fig. 6 , has occurred. It should be noted that the stripes where no growth occurs in Fig. 7 are due to the weaved nature of the material on which catalyst deposition took place (i.e., no catalyst is deposited under weaved sections). The ability to achieve odako growth over the whole strand (where catalyst resides) emphasizes the large-scale nature of this growth process, similar to the vertical array growth obtained by water-assisted super-growth.
Finally, in closing, it should be noted that this process may not be limited to only carbon surfaces, but other novel growth substrates may also be candidates on which odako growth can occur. For example, a similar process may be achievable on quartz fibers, where SiC and C layers are grown as an overlayer on the fiber, allowing the odako growth process to result in the type of strong SWNT interface with the fi ber that is sought for mechanical reinforcement applications. The same argument can be applied to a variety of metallic surfaces, where electrical contact between a conducting surface and the SWNT layer is crucial in applications such as electrolytic capacitor devices.
Conclusions
We present a novel technique, termed odako growth, for the synthesis of dense, aligned arrays of singlewalled carbon nanotubes having a preserved SWNT / carbon surface interface, and a catalyst and oxide support that are always exposed to the reaction gas flow. We demonstrate this growth process on grafoil and carbon fiber surfaces, and emphasize the potential for this growth process on a variety of additional surfaces.
Figure 7
Photograph showing a piece of carbon fi ber mesh material before (right) and after (left) the growth process. The lack of growth on some parts of the mesh on the left side is due to deposition of catalyst on a weaved fabric of this material (see ESM)
